Peroxynitrite (ONOO ؊ ), a potent oxidant formed by reaction of nitric oxide (NO ⅐ ) with superoxide anion, can activate guanylyl cyclase and is able to induce vasodilation or inhibit platelet aggregation and leukocyte adhesion, via thiol-dependent formation of NO ⅐ . Reaction of ONOO ؊ with thiols is thought to proceed through formation of a S-nitrothiol (thionitrate; RSNO 2 ) intermediate and yields low levels of S-nitrosothiols (thionitrites; RSNO), both of which are theoretical sources of NO (2, 3). An important component of NO ⅐ biochemistry involves the formation of thionitrite esters with cysteine or cysteine-residues (Snitrosothiols; RSNO), and low molecular weight S-nitrosothiols or S-nitrosothiol adducts in proteins such as albumin or hemoglobin are known to be generated in vivo (4 -7). Formation of S-nitrosothiols may provide a buffering system regulating the bioavailability of NO ⅐ and/or serve to increase its range of action, since S-nitrosothiols are more stable and can release NO ⅐ by site-specific regulatory mechanisms, via reactions with transition metal ions or other reducing systems such as thioredoxin or superoxide anion (7-10). Furthermore, S-nitrosation and transnitrosation reactions with protein cysteine residues may regulate the activity of many enzymes and represent an important signaling mechanism (11-13). Despite the growing interest in the role of S-nitrosothiols in the biological actions of NO ⅐ , there is still uncertainty regarding the mechanism of S-nitrosation in vivo, which most likely does not involve direct reaction of NO ⅐ with thiols but requires electrophilic activation to a nitrosyl cation (NO ϩ )-like intermediate. Metabolites formed during NO ⅐ (auto)oxidation, such as dinitrogen trioxide (N 2 O 3 ), are likely candidates in this respect (14 -17). Alternatively, NO ⅐ can be activated to intermediates with NO ϩ character via interaction with ferric heme proteins (18) or via formation of dinitrosyl-iron complexes (19), in both cases leading to more efficient S-nitrosation. Finally, thiols are important physiological targets for peroxynitrite (ONOO Ϫ ) 2 (20), a potent oxidant formed during simultaneous generation of NO ⅐ and superoxide anion (O 2 . ) (4, 21), and formation of S-nitrosothiols has been detected after reaction of ONOO Ϫ with thiols (22, 23) . This chemistry has been linked to an increasing number of findings that ONOO -is capable of activating guanylyl cyclase (23-25) and can induce vasodilation, inhibition of platelet aggregation, or leukocyte adhesion and activation (26 -29), actions involving (re)generation of NO ⅐ via reaction with * This study was supported by National Institutes of Health Grant HL57452 (to C. E. C.), the Cystic Fibrosis Foundation, the American Lung Association of California, and a Fellowship from the Parker B. Francis Foundation (to A. v. d. V.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
cell types and performs a range of biological functions, including vasodilation, neurotransmission, and modulation of inflammatory processes (1) . Its unique physical and chemical properties make NO ⅐ a versatile messenger molecule with high diffusibility and selected reactivity. Many functions of NO ⅐ involve interactions with heme proteins such as guanylyl cyclase, but alternative targets of NO ⅐ include other paramagnetic species, such as molecular oxygen (O 2 ), partially reduced oxygen metabolites, and lipid or protein radicals (2, 3) . An important component of NO ⅐ biochemistry involves the formation of thionitrite esters with cysteine or cysteine-residues (Snitrosothiols; RSNO), and low molecular weight S-nitrosothiols or S-nitrosothiol adducts in proteins such as albumin or hemoglobin are known to be generated in vivo (4 -7) . Formation of S-nitrosothiols may provide a buffering system regulating the bioavailability of NO ⅐ and/or serve to increase its range of action, since S-nitrosothiols are more stable and can release NO ⅐ by site-specific regulatory mechanisms, via reactions with transition metal ions or other reducing systems such as thioredoxin or superoxide anion (7) (8) (9) (10) . Furthermore, S-nitrosation and transnitrosation reactions with protein cysteine residues may regulate the activity of many enzymes and represent an important signaling mechanism (11) (12) (13) .
Despite the growing interest in the role of S-nitrosothiols in the biological actions of NO ⅐ , there is still uncertainty regarding the mechanism of S-nitrosation in vivo, which most likely does not involve direct reaction of NO ⅐ with thiols but requires electrophilic activation to a nitrosyl cation (NO ϩ )-like intermediate. Metabolites formed during NO ⅐ (auto)oxidation, such as dinitrogen trioxide (N 2 O 3 ), are likely candidates in this respect (14 -17) . Alternatively, NO ⅐ can be activated to intermediates with NO ϩ character via interaction with ferric heme proteins (18) or via formation of dinitrosyl-iron complexes (19) , in both cases leading to more efficient S-nitrosation. Finally, thiols are important physiological targets for peroxynitrite (ONOO Ϫ ) 2 (20) , a potent oxidant formed during simultaneous generation of NO ⅐ and superoxide anion (O 2 . ) (4, 21) , and formation of S-nitrosothiols has been detected after reaction of ONOO Ϫ with thiols (22, 23) . This chemistry has been linked to an increasing number of findings that ONOO -is capable of activating guanylyl cyclase (23) (24) (25) and can induce vasodilation, inhibition of platelet aggregation, or leukocyte adhesion and activation (26 -29) , actions involving (re)generation of NO ⅐ via reaction with thiols. The potential physiological significance of this chemistry is supported by several recent investigations that have implicated NO ⅐ synthases, under certain conditions, in the production of NO ⅐ and O 2 . simultaneously and hence in the generation of ONOO Ϫ rather than NO ⅐ (25, 30, 31) . Moreover, activation of guanylyl cyclase by either purified NO ⅐ synthase or by ONOO Ϫ is in both cases promoted by the presence of thiols and involves the intermediate formation of S-nitrosothiols (25) .
Although kinetic studies suggest that most of the generated ONOO Ϫ will react primarily with CO 2 or with metalloproteins (32), thiols represent significant direct targets for ONOO Ϫ , especially intracellularly, where the total thiol concentration may exceed 10 mM (33) . Chemical investigations of the reaction of ONOO Ϫ with thiols have revealed both one-and two-electron oxidation pathways (20, 34, 35) but have not presented mechanisms for the formation of either S-nitrosothiols or NO ⅐ . Thiols and other nucleophilic substrates are thought to react with ONOO Ϫ primarily via nucleophilic substitution at the weak peroxide bond with elimination of nitrite (20, 36 ). An alternative mechanism of thiol oxidation by ONOO Ϫ is presumed to involve an electron transfer mechanism with intermediate formation of thionitrate esters (S-nitrothiols; RSNO 2 ) (21, 37, 38) . Thionitrate esters decompose in aqueous systems to release NO ⅐ via homolytic cleavage of a sulfenyl nitrite (RSONO) intermediate, formed by intramolecular rearrangement of RSNO 2 (39 -41) . Hence, reaction of ONOO Ϫ with thiols to generate NO ⅐ may involve the intermediation of S-nitrosothiols, S-nitrothiols, or both. Moreover, since ONOO Ϫ is considered unable to directly nitrosate substrates (21, 42) , ONOO Ϫ -induced formation of S-nitrosothiols is thought to involve indirect mechanisms, e.g. via secondary reaction of intermediately formed thionitrates. The present study was undertaken to unravel the reaction mechanisms involved in NO ⅐ formation after reaction of ONOO Ϫ with thiols and establishes that the NO ⅐ formed in such reactions originates exclusively from Snitrosothiol intermediates, which are formed by direct nucleophilic substitution with elimination of hydrogen peroxide (H 2 O 2 ). Our results indicate that ONOO Ϫ may contribute significantly to formation of S-nitrosothiols in vivo and that direct nitrosation of nucleophilic targets by ONOO Ϫ may play an important role in NO ⅐ -dependent biochemical processes.
EXPERIMENTAL PROCEDURES
Chemicals and Reagents-GSH, L-cysteine (Cys), S-nitrosoglutathione (GSNO), S-methylglutathione, bovine serum albumin, N-ethylmaleimide, L-ascorbic acid, xanthine, xanthine oxidase (grade IV, from milk), Dowex chelating resin, diethylenetriaminepentaacetic acid, 5,5Ј-dithiobis-2-nitrobenzoic acid, microperoxidase (from equine heart cytochrome c), and 6-amino-2,3-dihydro-1,4-phthalazinedione (isoluminol) were purchased from Sigma. Spermine NONOate was obtained from Cayman Chemical Co. (Ann Arbor, MI), PAPA NONOate and myeloperoxidase (from human leukocytes) from Alexis (San Diego, CA), tetranitromethane (TNM) and 2-methyl-2-propane thiol from Aldrich, and monobromobimane from Calbiochem. NO ⅐ (3000 ppm in O 2 -free N 2 ) and NO 2 ⅐ (250 ppm in O 2 -free N 2 ) were from Scott Marrin Inc. (Riverside, CA). Peroxynitrite (ONOO Ϫ ) was prepared by reaction of H 2 O 2 with nitrous acid (HNO 2 ) in a quenched flow reactor, passed over a short (3 ϫ 0.5-cm) column filled with manganese dioxide to remove residual H 2 O 2 , and quantitated spectrophotometrically (⑀ 302 ϭ 1,670 M Ϫ1 cm
Ϫ1
; Ref.
43). For control experiments, ONOO
Ϫ stock solutions were kept at room temperature overnight to allow complete decomposition to nitrite and/or nitrate. S-Nitroso-L-cysteine (CysNO) was synthesized by mixing 100 mM NaNO 2 in 500 mM HCl with 100 mM Cys. tert-Butyl thionitrate (tBuSNO 2 ) was synthesized as outlined by Oae et al. (44) . Briefly, 100 g of dinitrogen tetraoxide (N 2 O 4 ; Matheson, Secaucus, NJ) in 135 ml of carbon tetrachloride was added slowly to 62 g of 2-methyl-2-propane thiol in 500 ml of diethylether, while keeping the reaction mixture on dry ice/acetone. After completion of the reaction, solvents were removed by evaporation, and the thionitrate was purified by vacuum distillation. The resulting tert-butyl thionitrate was Ͼ95% pure as determined by UV spectroscopy and NMR analysis and did not contain detectable levels of the corresponding thionitrite (44) (Caution: Dinitrogen tetraoxide is a yellowish brown liquid that evaporates rapidly to the highly toxic gas nitrogen dioxide, and may present a serious inhalation hazard if not handled properly). All other chemicals used were of analytical grade and obtained from commercial sources.
Reactions of Thiols with ONOO Ϫ or Other NO x -GSH or other thiols were dissolved in 100 mM phosphate buffer (pH 7.4) that was treated overnight with Dowex chelating resin to remove contaminating transition metal ions, and reactions were carried out at room temperature either within a 2-ml reaction vessel attached to the NO ⅐ chemiluminescence analyzer (Antek Instruments, Houston, TX) under continuous stirring or in borosilicate glass tubes. Small volumes (Ͻ15 l) of ONOO Ϫ stock solutions were injected into the reaction mixture through a septum using a Hamilton syringe, and production of NO ⅐ was monitored continuously. The addition of alkaline solutions of ONOO Ϫ did not change the pH of the buffer by more than 0.1 pH unit. Similar experiments were performed in freshly obtained human blood plasma obtained after centrifugation of venous blood for 10 min at 750 ϫ g. For HPLC analysis of GSH, Cys, or S-nitrosothiols (see below), plasma was filtrated at 15,000 ϫ g on Microcon-3 filtration units (Amicon Inc., Beverly, MA).
In additional experiments, GSH or other thiols were reacted with the nitrating agent TNM by the addition of 1-20 l of a 100 mM stock solution in ethanol to a 1-ml reaction mixture under rapid vortexing. Similarly, GSH was reacted with small aliquots of tBuSNO 2 . was achieved using 100 M xanthine and xanthine oxidase (1-4 milliunits/ml), and production of O 2 . was determined spectrophotometrically via ferricytochrome c reduction (47) . At various times during or after these various reactions, reaction mixtures were analyzed for remaining GSH or generated NO 2 Ϫ , GSNO, or H 2 O 2 using the various procedures outlined below.
Analysis of NO ⅐ Generation-NO ⅐ was measured by ozone-induced chemiluminescence using an Antek model 7020 chemiluminescence detector (Antek Instruments, Houston, TX). Formation of NO ⅐ in solution was monitored by continuous extraction through microporous polypropylene fibers, through which a flow of helium carrier gas was passed to sweep NO ⅐ into the chemiluminescence detector (48) . This procedure allows for continuous measurement of NO ⅐ production before autoxidation or evaporation occurs and enables kinetic measurement of NO ⅐ formation in solution. The chemiluminescence response to NO 2 ⅐ was less than 0.5% compared with NO ⅐ , and injection of pure N 2 O did not give a signal above that of room air, suggesting that this detector is specific for NO ⅐ . The rate of NO ⅐ production in solution was calibrated using spermine NONOate, decomposition of which was quantitated spectrophotometrically (⑀ 250 ϭ 8,000 M Ϫ1 cm Ϫ1 ; Ref. 46 ). Injection of spermine NONOate (0.5-100 M) into 100 mM phosphate buffer (pH 7.4) within the reaction vessel of the NO ⅐ analyzer resulted in a NO ⅐ signal that reached a plateau within several minutes, reflecting a steady-state situation in which the rate of NO ⅐ formation equals the rate of withdrawal of NO ⅐ from the solution. A linear calibration curve was obtained by plotting the obtained plateau height against the spectrophotometrically determined rate of NO ⅐ release, over a range of 1 nM/min (detection limit) to 1 M/min. A similar calibration curve could also be obtained using the NO ⅐ donor PAPA NONOate (t1 ⁄2 ϭ 30 min, 22°C, pH 7.4), although the plateau decreased faster due to faster decomposition of PAPA NONOate compared with spermine NONOate.
Analysis of NO 2 Ϫ and NO 3 Ϫ -Formation of NO 2 Ϫ and NO 3 Ϫ was determined by chemiluminescence after reduction to NO ⅐ with V(III) as described (49) (Antek Instruments) or via spectrophotometric analysis after the acid-catalyzed diazotation reaction with sulfanylamide and naphtylethylenediamine (Griess reaction).
Quantitation of S-Nitrosothiols-GSNO and CysNO were analyzed by reversed-phase HPLC using a 250 ϫ 4.6-mm 5-m RP-18 Spherisorb ODS-2 column (Alltech, Deerfield, IL) with 50 mM KH 2 PO 4 (pH 3.0), containing 1% acetonitrile as an eluant at 1 ml/min and UV detection at 340 nm (e.g. Ref. 23 ). The identity of GSNO and CysNO was confirmed by coelution with authentic standards and by spectral matching using a Waters 996 photodiode array detector. GSNO and CysNO were quantitated using external standards with a detection limit of approximately 10 pmol.
Analysis of GSH and Other Reduced Thiols-Reduced thiols in plasma or proteins were measured by spectrophotometric detection at 412 nm after reaction with 5,5Ј-dithiobis-2-nitrobenzoic acid (⑀ ϭ 13, 600 M Ϫ1 cm
Ϫ1
). GSH and other low molecular mass thiols were analyzed by HPLC after derivatization with monobromobimane (50) . Briefly, samples were incubated with 2 mM monobromobimane in the dark for 5 min, and derivatized samples were injected on a 10-m Bondapak RP-18 RadialPak column (Waters, Milford, MA) and eluted with 8% acetonitrile in 0.25% acetic acid at 1 ml/min. Derivatized thiols were analyzed by fluorescence detection (excitation, 394 nm; emission, 480 nm) and quantitated using external standards of similarly derivatized GSH or Cys, with a detection limit of about 1 pmol. After elution of the derivatized thiols, the mobile phase was switched to 75% acetonitrile in water for 5 min to remove underivatized and/or hydrolyzed monobromobimane followed by a 5-min reequilibration with the initial mobile phase (total run time, 20 min).
Analysis (22, 23) , injection of ONOO Ϫ (0.1-1.0 mM final concentration) into buffer solutions containing 2 mM GSH within the reaction vessel of the chemiluminescence analyzer resulted in production of NO ⅐ . A similar injection of aqueous stock solutions of NO ⅐ (10 -100 M) generated an almost instantaneous NO ⅐ signal that decayed exponentially within several minutes (e.g. Ref. 48) . In contrast, the onset of NO ⅐ production after reaction of ONOO Ϫ with GSH was relatively slow, starting well after all ONOO Ϫ had reacted or decomposed, and NO ⅐ production gradually reached a plateau reflecting steady-state NO ⅐ generation that persisted for over 30 min (Fig. 1A) . Thus, reaction of ONOO Ϫ with GSH generates a product that slowly decomposes to release NO ⅐ . No NO ⅐ formation was detected when ONOO Ϫ was decomposed prior to the addition to GSH, and no detectable NO ⅐ formation was observed when S-methyl-GSH was used instead of GSH, indicating that the NO ⅐ donor is produced via reaction of ONOO Ϫ with the free sulfhydryl group of GSH.
RESULTS

Formation of NO ⅐ by ONOO Ϫ Reaction with Thiols Occurs via Intermediate Production of S-Nitrosothiols-In agreement with earlier observations
HPLC analysis revealed formation of low levels of GSNO upon reaction of ONOO Ϫ with GSH, which could be detected immediately (Ͻ1 min) after the addition of ONOO Ϫ . Formation of GSNO increased linearly with the concentration of ONOO Ϫ added unless ONOO -was added in relative excess of GSH (Fig.  1B) , in which case GSH was completely oxidized and no GSNO was detected. The steady-state rate of NO ⅐ release after reaction of ONOO -with GSH correlated closely with the formation of GSNO (Fig. 1B) . The addition of ONOO Ϫ in relative excess over GSH only resulted in formation of a small transient NO ⅐ signal (Fig. 1A, trace 3) , most likely reflecting NO ⅐ production during decomposition of ONOO Ϫ . Hence, our results indicate that the sustained NO ⅐ release observed after reaction of ONOO Ϫ with GSH originates from GSNO and requires the presence of excess GSH. Accordingly, solutions of GSNO (5-20 M) in 100 mM phosphate buffer (pH 7.4) did not generate detectable amounts of NO ⅐ unless GSH was added, in which case sustained formation of NO ⅐ was observed with kinetics similar to that observed after reaction of ONOO Ϫ with GSH. Although GSH promoted NO ⅐ release from GSNO, high concentrations of GSH (Ͼ2 mM) reduced NO ⅐ generation from authentic GSNO and similarly attenuated NO ⅐ generation after reaction with 0.5 mM ONOO Ϫ (Fig. 1C) , although GSNO formation was slightly enhanced (Fig. 1C, inset) . This close parallel between NO ⅐ production from GSNO and from ONOO Ϫ /GSH is further evidence that NO ⅐ production after the reaction of ONOO Ϫ with GSH originates from GSNO.
Reaction of ONOO
Ϫ with other thiols also resulted in NO ⅐ formation, albeit with different kinetics. For instance, the addition of 0.5 mM ONOO Ϫ to 2 mM L-cysteine resulted in formation of 5.2 Ϯ 0.3 M CysNO (n ϭ 4) and sustained production of NO ⅐ , which reached a much higher maximum compared with a similar reaction with GSH (47 Ϯ 10 versus 14 Ϯ 4 nM/min; Fig.  2, A and B) but declined more rapidly, consistent with the shorter half-life of CysNO compared with that of GSNO (52) . Similarly, reaction of 0.5 mM ONOO Ϫ with 40 mg/ml bovine serum albumin, which contains a free cysteine residue (Cys 34 ), also caused sustained NO ⅐ generation (Fig. 2C) , indicating Snitrosation of the cysteine residue. The subsequent addition of 2 mM GSH to the reaction mixture resulted in markedly increased NO ⅐ generation (Fig. 2C) , reflecting the formation of less stable low molecular weight S-nitrosothiols via transnitrosation. Similar protein S-nitrosation was observed after the reaction of ONOO Ϫ with freshly isolated human blood plasma, which contains 450 -500 M protein-SH groups (mostly on albumin). Although no NO ⅐ generation could be detected after the addition of 1.5 mM ONOO -to plasma, the subsequent addition of 2 mM GSH again resulted in substantial production of NO ⅐ (Fig. 2D) , most likely via transnitrosation to GSH or Cys (which is liberated by GSH addition via reduction of mixed disulfides; data not shown). Accordingly, after the sequential addition of 1.5 mM ONOO Ϫ and 2 mM GSH to plasma, the formation of CysNO could be detected, and plasma GSNO levels increased from Ͻ0.2 M to 5.6 Ϯ 0.2 M (n ϭ 4) . Moreover, the GSHinduced NO ⅐ release from ONOO Ϫ -treated plasma and albumin displayed kinetics that were characteristic of CysNO (Fig. 2) . The GSH-induced NO ⅐ release from ONOO Ϫ -treated plasma or albumin was almost completely prevented when thiols were previously alkylated using 1 mM N-ethylmaleimide, again indicating initial protein S-nitrosation by ONOO Ϫ .
Mechanism of ONOO Ϫ -induced S-Nitrosation-Reaction of ONOO
Ϫ with thiols occurs via both one-and two-electron oxidation mechanisms, and intermediate formation of thiyl radicals has been detected using EPR techniques (34, 35) . Combination of GS ⅐ with NO ⅐ could therefore theoretically be responsible for the observed GSNO formation by ONOO Ϫ . However, the addition of ascorbate to the reaction mixture to trap intermediate (thiyl) radicals (at concentrations that are unlikely to compete with GSH for direct reaction with ONOO Ϫ ; see Ref. 53 ) enhanced the yield of GSNO by ONOO Ϫ /GSH (Fig.  3A) , and also enhanced generation of NO ⅐ (not shown). The effect of ascorbate on ONOO Ϫ -induced S-nitrosation is strikingly similar to that induced by carboxy-PTIO, as reported recently (54) . The formation of GS ⅐ radicals during reaction of ONOO Ϫ with GSH has been found to be optimal between pH 6 and 7 and almost undetectable at pH 8.5 or higher (34) . In contrast, the formation of GSNO (Fig. 3B ) and NO ⅐ (not shown) by ONOO Ϫ /GSH was minimal at pH 5 and optimal at pH Ͼ8. Furthermore, the effect of ascorbate on S-nitrosation yield by ONOO Ϫ was most pronounced at pH 6 -7, when GS ⅐ formation is optimal (34), and was much less significant at higher pH (Fig. 3B) . Collectively, these results illustrate that S-nitrosation by ONOO Ϫ does not occur via one-electron mechanisms and in fact reveal that intermediately formed radicals reduce formation of GSNO or accelerate its decomposition (see below).
Reaction of ONOO -with GSH results primarily in the formation of the disulfide GSSG via a second order reaction mechanism (20, 35) Ϫ was added at the indicated final concentration to 2 mM GSH (trace 1), 2 mM Cys (trace 2), or 40 mg/ml bovine serum albumin (BSA) (containing 220 M reduced thiols, as measured using 5,5Ј-dithiobis-2-nitrobenzoic acid) (trace 3) in 100 mM phosphate buffer (pH 7.4), or to freshly isolated human blood plasma (trace 4). The addition of GSH after reactions of ONOO Ϫ were terminated, indicated with an arrow, resulted in markedly enhanced generation of NO ⅐ . ary reaction with GSH could theoretically result in formation of GSNO (Reaction 3).
In order to investigate the potential involvement of a thionitrate intermediate in ONOO
Ϫ
-induced S-nitrosation, we performed experiments with various NO 2 ⅐ -or NO 2 ϩ -generating systems that are presumed to react with GSH via the initial formation of GSNO 2 (37, 38, 55) . The addition of the nitrating agent TNM (at concentrations ranging from 100 to 500 M) to 2 mM GSH resulted in concentration-dependent formation of GSNO, the yield being about 5% relative to the GSH that was oxidized. Although this finding appears consistent with the formation of GSNO via a GSNO 2 
Additional experiments were therefore performed in which gaseous NO 2 ⅐ (250 ppm in N 2 ) was bubbled through buffer solutions containing 0 -20 mM GSH. (45) .
To more unequivocally determine whether GSNO can be produced via reaction of a thionitrate (RSNO 2 ) with GSH (Reaction 3), we synthesized tBuSNO 2 , which is relatively stable and can be easily purified. The addition of tBuSNO 2 to aqueous buffer solutions (pH 7.4) caused hydrolysis with a half-life of about 20 s, as followed spectrometrically at 276 nm (44) . In contrast, the addition of 500 M tBuSNO 2 to a solution containing 2 mM GSH resulted in immediate decomposition (Ͻ1 s) with stoichiometric formation of NO 2 Ϫ and oxidation of GSH, consistent with a recent report by Artz et As a third possible mechanism, S-nitrosation by ONOOH could be mediated via direct nucleophilic attack of the thiolate anion on the nitrogen atom in ONOOH, with elimination of HOO Ϫ (which is protonated to H 2 O 2 ) (Reaction 5).
This reaction is analogous to S-nitrosation by nitrous acid (HONO) or alkyl nitrites (RONO), which occurs via elimination of OH -or RO - (7) . According to such a mechanism, the formation of GSNO by GSH/ONOO Ϫ should coincide with stoichiometric generation of H 2 O 2 . Analysis of reaction by HPLC with chemiluminescence detection indeed demonstrated formation of H 2 O 2 after reaction of ONOO Ϫ with GSH, in amounts comparable with the yield of GSNO (Fig. 4) . However, although the GSNO yield decreased when ONOO Ϫ was added in relative excess over GSH, the formation of H 2 O 2 continued to increase with added concentration of ONOO Ϫ until GSH was oxidized completely. One possible source of H 2 O 2 is O 2 . that is generated during one-electron oxidation of thiols under aerobic conditions (35, 57) . However, H 2 O 2 formation by ONOO Ϫ /GSH was enhanced rather than inhibited in the presence of ascorbate at concentrations that did not prevent GSH oxidation by ONOO Ϫ (Fig. 4A, broken lines, and Fig. 4B ), suggesting that H 2 O 2 was not formed by thiol autoxidation, which would have been inhibited by ascorbate. Moreover, ascorbate also abrogated the decrease in GSNO yield at high ONOO Ϫ /GSH ratios (Fig. 4A) , most likely by scavenging of radical intermediates that accel-
FIG. 3. Effect of ascorbate and buffer pH on S-nitrosation by ONOO
؊ . A, ONOO Ϫ (0.5 mM) was added to 2 mM GSH in 100 mM phosphate buffer at pH 7.4 (1-ml final volume in borosilicate glass tubes) in the absence or presence of various concentrations of ascorbate, and GSNO formation was measured after 1 min. B, ONOO Ϫ (0.5 mM) was added to 2 mM GSH, 100 mM phosphate buffer at the indicated pH (final values measured after the addition of ONOO Ϫ ) in the absence (Ⅺ) or presence (f) of 500 M ascorbate, and GSNO formation was measured by HPLC. Data represent mean values Ϯ S.E. from three or four separate experiments.
erate GSNO decomposition. The formation of H 2 O 2 after the reaction of 0.5 mM ONOO Ϫ with 2 mM GSH was decreased from 24.6 Ϯ 2.3 to 9.4 Ϯ 1.5 M (n ϭ 3) when the reaction was carried out under anoxic conditions (after sparging the solution for 30 min with N 2 prior to the ONOO Ϫ addition). These findings indicate that, although some of the H 2 O 2 produced during this reaction may have been formed by GSH autoxidation, consistent with findings by Lemercier et Physiological Relevance of ONOO Ϫ -induced S-Nitrosation-In order to assess the potential physiological significance of these ONOO Ϫ -induced S-nitrosation reactions, similar experiments were performed in the presence of CO 2 (added as bicarbonate), a major physiological target for ONOO Ϫ (32). The formation of GSNO and NO ⅐ by ONOO Ϫ /GSH was found to be inhibited by bicarbonate (HCO 3 Ϫ ) in a concentration-dependent manner and was undetectable in the presence of 10 mM or higher HCO 3 Ϫ (Fig. 5A) . Under similar conditions, oxidation of GSH was only partially inhibited (Ͻ50%), which indicates that the adduct of ONOO Ϫ with CO 2 (ONOOCO 2 Ϫ ; Ref. 32) oxidizes thiols by a mechanism distinct from ONOO Ϫ and may either be unable to directly nitrosate GSH or promote one-electron oxidation reactions (38, 58) that enhance decomposition of GSNO. This latter notion was confirmed by the finding that the inhibition of ONOO Ϫ -induced S-nitrosation by HCO 3 Ϫ was abrogated by increasing concentrations of ascorbate (Fig. 5B) , indicating that either ONOO Ϫ itself or ONOOCO 2 Ϫ contributes to S-nitrosation under these conditions, via a direct nucleophilic mechanism.
Finally, we investigated whether S-nitrosation occurs during concurrent production of NO ⅐ and O 2 . , to more closely simulate in vivo ONOO Ϫ formation. Incubation of 2 mM GSH with 45 M spermine NONOate (which generates NO ⅐ at a rate of 1.0 M/min at 37°C and pH 7.4) resulted in S-nitrosation, with GSNO formation increasing linearly over the first 30 min with a rate of 0.22 Ϯ 0.02 M/min (Table I) . When O 2 . was also generated in the same reaction mixture, using xanthine oxidase and 100 M xanthine, the rate of S-nitrosation was decreased, but generation of O 2 . at a rate equal to production of NO ⅐ (both at 1.0 M/min) only resulted in about 30% inhibition of S-nitrosation (Table I) Ϫ (at the indicated final concentration) was added to 2 mM GSH in the absence (Ⅺ, E) or presence (f, q) of 500 M ascorbate, and formation of GSNO (squares) or remaining GSH (circles and broken lines) was measured by HPLC. B, similar reaction mixtures were analyzed for the formation of H 2 O 2 using HPLC with chemiluminescence detection, either in the absence (Ⅺ) or presence (f) of 500 M ascorbate. Data represent the average results from three separate experiments.
FIG. 5. Modulation of ONOO
؊ -induced S-nitrosation and NO ⅐ generation by CO 2 . A, ONOO Ϫ (0.5 mM final concentration) was added to 2 mM GSH in 2 ml of 100 mM sodium phosphate buffer at pH 7.4, in the absence or presence of the indicated concentration of HCO 3 Ϫ ), and steady-state formation of NO ⅐ (f) or production of GSNO (E) was measured. B, ONOO Ϫ was added to 2 mM GSH in the presence of 25 mM HCO 3 Ϫ and the indicated concentration of ascorbate, and formation of GSNO was measured by HPLC. Data represent average values Ϯ S.E. from three separate experiments.
Hence, the observed S-nitrosation observed during simultaneous production of NO ⅐ and O 2 . (Table I) . Hence, our findings imply that S-nitrosation during simultaneous production of NO ⅐ and O 2 . may largely be mediated by ONOO Ϫ and attest that ONOO Ϫ could contribute significantly to S-nitrosation in vivo.
DISCUSSION
The present results confirm earlier observations that reaction of ONOO Ϫ with thiols results in formation of S-nitrosothiols and generates NO ⅐ (22, 23). Our study furthermore demonstrates that generation of NO ⅐ via reaction of ONOO Ϫ with thiols originates exclusively from S-nitrosothiols. Although the ability of ONOO Ϫ to nitrosate thiols or alcohols has been recognized previously (59, 60) , mechanisms involved in such reactions are still equivocal, and it has been claimed that ONOO Ϫ is unable to carry out direct nitrosation reactions (21, 42, 61) , suggesting that nitrosation by ONOO Ϫ is mediated via indirect mechanisms. Our present studies have conclusively excluded involvement of either radical-mediated mechanisms or formation of thionitrate intermediates in S-nitrosation by ONOO Ϫ and support a direct nitrosation mechanism that entails nucleophilic substitution with elimination of HOO Ϫ . Consistent with such a mechanism, we have observed formation of H 2 O 2 upon reaction of ONOOH with nucleophilic substrates such as GSH and ascorbate.
The reaction of peroxynitrite with thiols such as GSH or Cys has been demonstrated to occur primarily via a bimolecular reaction, and the apparent second order rate constant is maximal in the pH range between 7 and 8 (20) . This pH optimum suggests either ONOO Ϫ and RSH or ONOOH and RS Ϫ as the reactants, and based on thermokinetic considerations it is presumed that RS Ϫ acts as the electron donor with ONOOH as the electron acceptor (21) . Accordingly, the reported apparent second order rate constants for reaction of peroxynitrite with Cys and GSH at pH 7.5-7.9 are 5,900 M Ϫ1 s Ϫ1 and 1,500 M -1 s -1 , consistent with the lower pK a of the -SH group in Cys compared with GSH (8.1 versus 9.4; Refs. 20 and 38). Reaction of nucleophiles such as GS Ϫ with ONOOH is thought to involve reaction at the terminal oxygen atom in the peroxide bond, resulting in heterolytic cleavage and formation of the sulfenic acid (GSOH) with elimination of NO 2 Ϫ (21, 35). Alternatively, nucleophilic attack at the nitrogen atom in ONOOH, which is more positively charged than the two partially negatively charged oxygen atoms in the peroxide bond (62) Ϫ are leaving groups). The relatively low yield of S-nitrosation by ONOOH may be due to the fact that HOO Ϫ is a relatively poor leaving group (61) and can also be attributed to competing additional reaction mechanisms such as nitration or hydroxylation by nucleophilic substitution or electron transfer reactions (21, 38) . Nevertheless, based on experiments performed in the presence of ascorbate, the yield of S-nitrosation by ONOO Ϫ is as high as 5% and may be physiologically significant. A similar mechanism is most likely operative in ONOO Ϫ -induced nitrosation of ascorbate (this study), glucose (59) , and glycerol (60) , in each case yielding products that decompose to release NO ⅐ . Indeed, analysis of products of reaction of glycerol with ONOO Ϫ by HPLC/mass spectrometry has revealed the formation of both glyceryl mononitrite and glyceryl mononitrate (60), consistent with the reaction mechanisms described here.
It is now widely accepted that S-nitrosothiols are generated in vivo, e.g. in hemoglobin, albumin, or GSH (4, 6, 7), to provide NO ⅐ transport systems or as a signaling mechanism (11). However, the sources of S-nitrosothiols in vivo are still unclear and may involve reactive NO ⅐ metabolites formed during autoxidation of NO ⅐ , such as N 2 O 3 or NO 2 ⅐ (14 -17), or NO ⅐ activation to an NO ϩ -like intermediate via interaction with ferric heme proteins or formation of dinitrosyl iron complexes (18, 19) . Recently, direct reaction of NO ⅐ with thiols was reported to yield S-nitrosothiols in the presence of electron acceptors (63) . Although O 2 -dependent S-nitrosation may be relatively insignificant at physiological levels of O 2 and NO ⅐ (17) and reaction of NO ⅐ with thiols may be easily outcompeted by other reactions of NO ⅐ with e.g. heme proteins or O 2 . (3, 16) , it is difficult to rule out either of these mechanisms in in vivo nitrosation reactions without knowledge of steady state levels of these various intermediates. Based on the nearly diffusion-limited reaction between NO ⅐ and O 2 . , it is generally assumed that ONOO Ϫ is generated in vivo, and our results indicate that ONOO Ϫ is likely to contribute significantly to S-nitrosation in vivo. Experiments with simultaneously produced NO ⅐ and O 2 . under conditions predicting ONOO Ϫ formation indeed demonstrated significant nitrosation of thiols. Kinetic data indicate that reduced thiols are major physiological targets for ONOO Ϫ , given the high intracellular concentrations of both GSH (5-10 mM) and protein thiols (33) . Indeed, our results have demonstrated the ability of ONOO -to induce S-nitrosation even in the presence of physiological levels of HCO 3 Ϫ /CO 2 and ascorbate, either major direct targets for ONOO Ϫ or inhibitors of radical pathways that are initiated by ONOOH. Additionally, ONOO Ϫ was found to induce significant S-nitrosation in biological fluids such as blood plasma, although the possibility cannot be excluded that S-nitrosation in these cases may be (partly) due to ONOOCO 2 Ϫ , formed by the reaction of ONOO -with CO 2 . Although ONOO Ϫ is a potent cytotoxic species and assumed to largely mediate toxicity associated with excessive NO ⅐ production, an increasing number of studies demonstrate that low nontoxic concentrations of ONOO Ϫ are involved in more physiological processes via reversible signaling mechanisms, which appear to be related to reaction with thiols and formation of S-nitrosothiols. As such, ONOO Ϫ can induce vasodilation (26 -28) , prevent platelet aggregation (22) , inhibit leukocyte-endothelial cell interactions (29) , and modulate tyrosine phosphorylation pathways, the latter presumably via reversible inhibition of tyrosine phosphatases (64) . Furthermore, several studies have suggested ONOO Ϫ as an intracellular second messenger in, for example, stress responses to tumor necrosis factor-␣ or NO ⅐ (65, 66) . Finally, suggestions that ONOO Ϫ might be generated constitutively by, for example, NO ⅐ synthases (25, 
